Genes detected by wheat expressed sequence tags (ESTs) were mapped into chromosome bins delineated by breakpoints of 159 overlapping deletions. These data were used to assess the organizational and evolutionary aspects of wheat genomes. Relative gene density and recombination rate increased with the relative distance of a bin from the centromere. Single-gene loci present once in the wheat genomes were found predominantly in the proximal, low-recombination regions, while multigene loci tended to be more frequent in distal, high-recombination regions. One-quarter of all gene motifs within wheat genomes were represented by two or more duplicated loci (paralogous sets). For 40 such sets, ancestral loci and loci derived from them by duplication were identified. Loci derived by duplication were most frequently located in distal, high-recombination chromosome regions whereas ancestral loci were most frequently located proximal to them. It is suggested that recombination has played a central role in the evolution of wheat genome structure and that gradients of recombination rates along chromosome arms promote more rapid rates of genome evolution in distal, high-recombination regions than in proximal, low-recombination regions. 
al. 1987; Gale et al. 1993) . Inferences on T. aestivum genome organization and evolution are therefore directly applicable to diploid relatives of wheat.
Comparisons of wheat linkage and deletion maps suggested that wheat chromosomes are subdivided into regions differing in relative gene density Hohmann et al. 1994; Delaney et al. 1995a,b; Mickelson-Young et al. 1995; Gill et al. 1996a,b; Sandhu and Gill 2002) . This is consistent with other lines of evidence suggesting that the chromosomes of most plants and animals are subdivided into gene-rich and gene-poor isochors (Sabeur et al. 1993; Bernardi 1996; Barakat et al. 1997; Bernardi et al. 1997; Carels et al. 1998; Bernardi 1999) .
Recombination rates along wheat chromosomes are also not uniform. Recombination in the wheat genomes occurs preferentially in distal chromosome regions (Dvorak and Chen 1984; Kota et al. 1993; Lukaszewski and Curtis 1993; Hohmann et al. 1994; Delaney et al. 1995a,b; MickelsonYoung et al. 1995; Gill et al. 1996b; Dvorak et al. 1998) .
These observations provoke the following questions: Is there some underlying order in the position of genes relative to recombination rates that has evolutionary significance for the organization of genomes? Conventional biological wisdom teaches that the function of biological organization often becomes apparent only if examined in evolutionary contexts. If there were an underlying order in the wheat genomes, what would be the causes and effects between evolutionary processes and this order? Would these evolutionary processes have homogeneous effects along chromosomes or would they cause chromosomes to differentiate (lose synteny) unevenly along their lengths?
To investigate these and other questions critical for the understanding of the organization and evolution of wheat genomes, a large population of wheat expressed sequence tags (ESTs) was developed, contigs were constructed, and genes detected by a representative cDNA clone from each contig were mapped. To map thousands of gene loci, a collaborative mapping strategy was developed that exploited the existence of numerous deletion lines in the nearly isogenic background of 'Chinese Spring' wheat (Endo and Gill 1996) . A total of 159 homozygous terminal deletions were selected from this pool so that the breakpoints provided extensive coverage of the 21 wheat chromosomes. The positions of the breakpoints of the 159 deletions can be seen at http://wheat.pw.usda.gov/west/ binmaps. The ten collaborating laboratories shared this set of deletions for the mapping of loci detected by Southern hybridization of cDNA clones utilizing digestion of genomic DNAs with the EcoR I restriction endonuclease.
By deletion mapping, loci were placed into bins delineated by the breakpoints of neighboring deletions (http:// wheat.pw.usda.gov/west/binmaps and http://wheat.pw. usda.gov/cgi-bin/westsql/map_locus.cgi). The only prerequisite for this technique to be fully successful was that restriction fragments hybridizing with a probe were of different lengths at each locus detected by a probe. Since this requirement was generally satisfied, it was often possible to map all or nearly all loci detected by a probe. This strategy therefore allowed for a routine mapping of all genes in a genome corresponding to a specific gene motif.
A database that was constructed is briefly described in Methods and will be fully described elsewhere. Data in the database were used to assess the level of gene redundancy, variation in relative gene density along chromosome arms, distribution of specific classes of genes along chromosome arms, and differentiation between homoeologous chromosomes along chromosome arms. Additionally, recombination rates per bin were derived from published wheat linkage maps and bin sizes. Finally, these findings were used to investigate relationships between recombination rate and the various parameters of gene distribution along chromosome arms.
RESULTS

Recombination Rates
Recombination rates within bins were expressed as coefficients of exchange (CE), which is cM/Mb. Recombination rates increased as the relative distance of a bin from the centromere increased ( Fig. 1 ; Table 1 ). Coefficient of exchange within a bin was positively correlated with the position of the center of that bin on the centromere-telomere axis (Spearman rank correlation coefficient r s = 0.72, P < 0.0001). This relationship fit a squaring function (R 2 = 0.36; Fig. 1 ), meaning recombination increased with approximately the square of the relative distance of a bin from the centromere. Most crossovers were physically located in the distal one-third of chromosome arms ( Fig.1 ; Table 1 ). The relationship was slightly stronger for the short arms (r s = 0.78, P < 0.0001) than for the long arms (r s = 0.71, P < 0.0001) but the difference between the two coefficients was not significant (P = 0.36).
Relative Gene Density
A total of 730 ESTs, each from a different contig, were used in this and several other analyses. Either one or several restriction fragments per gene may hybridize with an EST probe, depending on the length of the gene, length of the cDNA clone, and the distribution of the EcoR I restriction sites in the gene. It was assumed that variation due to these factors would be rendered homogeneous across a large number of genes and probes. Assuming that the population of 730 ESTs is representative, the distribution of restriction fragments detected by these clones estimates the overall density of genes along chromosome arms. This estimate will be called relative gene density. Relative gene density is heterogeneous along individual Figure 1 Estimates of recombination rates (cM/Mb) within individual bins in relation to the position of bin midpoints on the centromere-telomere axis of wheat chromosome arms. On the horizontal axis, 0.0 represents the centromere and 1.0 represents the telomere. The curve and its equation best fitting the data are shown. chromosome arms in wheat (Sandhu and Gill 2002) , and each arm may show its own unique pattern. The critical question for this study was whether or not there is an overall pattern in gene density along the centromere-telomere axis that is superimposed on any chromosome-specific patterns.
A total of 2743 restriction fragments hybridized with the 730 ESTs. Assuming that the number of restriction fragments approximates the number of genes, the estimate of relative gene density is approximately based on 2743 genes. The relative gene density for all 159 bins was plotted against bin position on the centromere-telomere axis (Fig. 2) . Relative gene density increased along chromosome arms, being the lowest in the proximal bins and the highest in the distal bins. Relative gene density along chromosome arms was weakly correlated with the relative distance of a bin center from the centromere (r s = 0.22, P = 0.007). An equally weak correlation was observed between relative gene density and recombination rate (r s = 0.22, P = 0.007).
Distribution of Single-Gene and Multigene Loci Along Chromosome Arms
Because a hybridization signal is affected not only by gene number but also by nucleotide sequence divergence between a probe and a gene, it is very difficult, if not impossible, to determine the number of genes at a locus with sufficient precision by quantification of Southern hybridization signals in hexaploid wheat. Rather than quantifying the absolute number of genes per locus, loci were allocated into the single-gene and multigene classes according to the following criteria.
Single-Gene Class
Hybridization profiles showing only three restriction fragments, one per each of the three orthologous bins, most likely originated by the hybridization of a cDNA clone with restriction fragments of orthologous single-gene loci in the A, B, and D genomes. An additional attribute of such loci was that they were present once in each of the three wheat genomes. To quantify the frequency of these loci in a bin, the number of restriction fragments originating from these loci in a bin (S) was divided by the total number of restriction fragments in the bin (T).
From a total of 2743 restriction fragments produced by hybridization of the 730 ESTs, 23% fell into this class. The remaining restriction fragments have probably originated from multigene loci, duplicated single-gene and multigene loci, or single-gene loci present once in a genome with more than one EcoR I restriction fragment hybridizing with an EST probe.
For most chromosomes, the S/T ratio declined (r s = ‫,84.0מ‬ P < 0.0001) with increasing relative distance of a bin from the centromere (Fig. 3) . The S/T ratio also correlated negatively with recombination rate (r s = ‫,24.0מ‬ P < 0.0001). The S/T ratio decreased with approximately the square of bin relative distance from the centromere (Fig. 3) . The relationship between the S/T ratio and the relative distance of a bin from the centromere was twice as strong for the short chromosome arms (r s = ‫,06.0מ‬ p < 0.0001, R 2 = 0.36) than for the long chromosome arms (r s = ‫,63.0מ‬ P < 0.0001, R 2 = 0.13). The difference between the two correlation coefficients was statistically borderline (P = 0.07).
Correlation coefficients between the S/T ratio and the relative distance of a bin from the centromere ranged from r s = ‫51.0מ‬ for homoeologous group 5 to r s = ‫66.0מ‬ for homoeologous group 2. The coefficients were significantly different from zero for all homoeologous groups.
The extensively rearranged chromosome 4A in homoeologous group 4 was not included in any of these analyses. The structure of this chromosome was modified by a translocation and two inversions that happened during polyploid wheat evolution and one translocation that happened at the diploid level (Devos et al. 1995) and, therefore, the structure of wheat 4A does not reflect the structure of a single chromosome of any wheat diploid ancestor. Chromosome 4A did not show a gradient of the S/T ratio on the centromere-telomere axis in either arm.
Multigene Loci
Deletion mapping does not allow for an assessment of the frequency of multigene loci per bin. If an EST hybridized with several fragments that were mapped into a bin, a single multigene locus could be in the bin. However, the same pattern could also be due to the presence of two or more single-gene loci detected by the same probe in the bin, or because a singlegene locus was cleaved by EcoR I into several restriction fragments hybridizing with the probe. The sum of multiple restriction fragments hybridizing with ESTs per bin (M) there- Mean recombination rates along all 42 wheat chromosome arms expressed as mean coefficient of exchange (CE), which is cM/Mb, in six chromosome intervals of indicated position on the centromere-telomere axis. The centromere is at 0,000 and telomere is at 1,000.
fore only approximates the number of genes located at multigene loci in a bin. The M/T ratio was generally higher in the distal bins than in the proximal bins (r s = 0.29, P = 0.0004). Because the estimate of M was crude, no further characterization of the distribution of multigene loci was pursued.
Duplicated Loci
Data on deletion map positions of loci hybridizing with the 730 ESTs were used to assess the frequency of duplicated loci. A locus was assumed to be duplicated in a genome if an EST probe hybridized in a Southern blot with DNA fragments mapped to bins on different chromosomes within a genome. Linkage mapping showed that many intrachromosomally duplicated loci are located near each other. Since such loci often fall into a single bin, the number of intrachromosomally duplicated loci could not be estimated with any precision and therefore was not investigated. Loci detected by 79% of the ESTs mapped only to bins on homoeologous chromosomes, whereas those detected by the remaining 21% mapped from two to ten bins on different chromosomes within genomes ( 
Chromosomal Distribution of Loci Within Paralogous Sets
The knowledge of homoeology between wheat and rice, Oryza sativa L., chromosomes (Gale and Devos 1998 McGuire, and C.O. Qualset) was exploited to infer for 40 sets of wheat paralogous loci which locus was ancestral and which was/were derived from it by duplication. Loci mapped on chromosomes of a specific wheat homoeologous group were recorded, and each locus was scrutinized for the presence of a homologous gene on a rice homoeologous chromosome. If a homologous gene was present on a rice homoeologous chromosome, the wheat and rice genes were assumed to be orthologous. If such a gene was a member of a wheat paralogous set, it was assumed that the locus was the ancestral locus of the wheat paralogous set. The locus (or loci) of the set present on a nonhomoeologous wheat chromosome was assumed to have originated by duplication of this ancestral locus. The prerequisite for these analyses was the existence of extensive homoeology between wheat and rice chromosomes and the availability of rice genomic nucleotide sequences. These requirements limited these analyses to only the chromosomes of wheat homoeologous groups 3 and 7.
Wheat chromosomes 3A, 3B, and 3D (wheat homoeologous group 3, henceforth W3) are homoeologous with rice chromosome 1 (henceforth R1) and wheat chromosomes 7A, 7B, and 7D (wheat homoeologous group 7, henceforth W7) are homoeologous with rice chromosomes 6 and 8 (henceforth R6 and R8). From 2100 ESTs, each selected from a unique EST contig, 373 detected loci on W3 and 347 detected loci on W7. Of the 373 loci, 146 had an ortholog on R1. These 146 loci encompassed the entire lengths of W3 and R1 (Fig. 5 ). Of these, 25 ESTs detected loci derived by duplication on wheat chromosomes belonging to five of the six remaining homoeologous groups. These 25 W3 loci were assumed to be the ancestral loci of the 25 paralogous sets.
Since the patterns of chromosomes 3A, 3B, and 3D were similar, only chromosome 3B, which is divided by deletion breakpoints into the highest number of bins among the three chromosomes in W3, is used as an example in Figure 5 . In some cases, a locus was mapped on only two of the three wheat homoeologous chromosomes. Hence, for any of the three homoeologous chromosomes, the numbers of loci in each class were lower than the numbers for all three chromosomes. Only 20 of the above 25 loci of W3 were mapped on chromosome 3B (Fig. 5) .
Of the 347 loci mapped on W7, 72 had an ortholog on R6 or R8 (wheat chromosome 7D is used as an example of W7 in 5 ). Of these, 15 detected a locus (or loci) derived by duplication on chromosomes belonging to all six remaining homoeologous groups. These 15 W7 loci were assumed to be the ancestral loci of 15 paralogous sets.
There was an extensive synteny between W3 and R1 for all W3 bins (Fig. 5) . The same was true in the reverse direction; genes in contigs spanning the entire R1 showed synteny with W3 (Fig. 5) . Synteny of W7 with rice chromosomes R6 and R8 was not as extensive, given the current state of the rice genome sequence and BAC ordering information available. All 7D bins had loci in common with R6 or R8 (Fig. 5) . In addition to the extensive synteny between the investigated wheat and rice homoeologous chromosomes, the putative orthologs delineated large colinear segments (Fig. 5 ). This colinearity provided additional evidence for orthology of these loci.
The identification of the ancestral loci and loci derived by duplication for 40 paralogous sets made it possible to compare the distribution of the two classes of loci along chromosome arms. A majority of the derived loci were located in the distal regions of chromosome arms, but a majority of the ancestral loci were located proximal to them (Fig. 6) . The distribution of the ancestral loci along chromosome arms was similar to the distribution of the remaining wheat/rice orthologs that were not subjected to locus duplication (Fig. 6) .
The W3 and W7 data were combined to increase the sample size for statistical tests. The distributions of the ancestral and derived loci differed significantly from each other (P = 0.02, 2 -test). The distribution of the ancestral loci did not significantly differ from the distribution of the remaining orthologs that were not subjected to locus duplication (P = 0.1, 2 -test). The similarity of the distribution of the ancestral loci and the distribution along chromosome arms of the remaining orthologs that were not subjected to locus duplication suggested that there was no regional preference for a locus to be a source of a locus duplication.
To assess the correlation between the distribution of ancestral and derived loci along chromosome arms and recombination rate, the midpoints of bins were grouped according to the relative physical distance from a bin midpoint to the centromere into six equal intervals (rather than five shown in 
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Genome Research 757 www.genome.org Fig. 6 ) to make the correlation statistically meaningful (data not shown). The CEs in each of the six intervals were averaged, and correlation coefficients between mean CE and the number of duplicated loci in the intervals were computed. The distribution of loci derived by duplication along wheat chromosomes was positively correlated with recombination rates along wheat chromosome arms (Pearson r = 0.97, P = 0.002). The distribution of the ancestral loci in the 40 paralogous sets did not significantly correlate with recombination rates along chromosome arms.
Differentiation of R1 From Wheat Chromosome 3B
To quantitatively assess differentiation (perturbation of synteny) along chromosome arms, a comparison was made between wheat chromosome 3B (used as an example of W3) and R1. Whether or not there was a homologous locus on R1 was determined for 365 ESTs that detected loci on chromosome 3B in a database of 3977 ESTs. ESTs that detected loci on chromosome 3B in the previous section were a subset of these ESTs. Homologues on R1 were found for 158 of the 365 ESTs.
Differentiation increased (di) from the proximal bin to the distal bin in both 3B arms (Fig. 7) .
DISCUSSION Relative Gene Density
Distal regions of wheat chromosomes have been previously equated with gene-rich regions . Present findings showed that relative gene density per bin generally increase with the increase in relative distance of a bin from the centromere, and the highest gene densities were indeed found in several distal bins. However, the relationship between relative gene density and the bin position on the centromere telomere axis was overall weak.
Loci in distal, high-recombination chromosome regions are more polymorphic than those in the proximal, lowrecombination regions in Triticeae 1999) . It is therefore easier to find RFLP for clones that originated from distal, high-recombination chromosome regions than for those that originated from proximal, low-recombination regions. Triticeae RFLP markers are therefore enriched for those detected by clones that originated from distal chromosome regions. Inclusion of RFLP markers into a set of markers used to study relative gene density may have therefore somewhat inflated the previous estimates of relative gene densities in the distal chromosome regions relative to estimates obtained with unselected cDNA clones used in the present study.
Recombination Rates
Recombination rates have been previously assessed in the B genome on the basis of recombination of polymorphic Cbands in tetraploid wheat (Lukaszewski and Curtis 1993) . Although a different method was used to estimate recombination rates in the present study, the results are similar. In both studies, recombination rate was a squaring function of the position of a locus on the centromere-telomere axis. Lukaszewski and Curtis (1993) reported that short chromosome arms had steeper gradients than long chromosome arms. In the present study, recombination rates were studied without making distinction among the A, B, and D genomes of T. aestivum. The average gradient of recombination rates in the short arms was steeper than that in the long arms, but the difference was minor, possibly due to combining data for all three genomes. No distinction was therefore made between the short and long arms in most correlation analyses performed.
Mean recombination rate expressed as mean CE along wheat chromosome arms ranged from 0.06 (which is equal to 16.7 Mb/cM) in the most proximal interval to 0.87 (which is equal to 1.1 Mb/cM) in the most distal interval. Several estimates of local recombination rates computed from recombination of markers flanking sequenced genomic regions in wheat and related species have been reported. The estimates of local recombination rates in regions located in the most distal interval ranged from as low as 0.02 Mb/cM, measured in a short interval on the short arm of Ae. tauschii chromosome 1D (Spielmeyer et al. 2000) , to 2.3 Mb/cM in a 300-kb interval in the distal region of the short arm of T. monococcum L. chromosome 1A m (Stein et al. 2000) . Recombination in the distal region of the short arm of 1A m is suppressed by the terminally located nucleolus organizing locus Nor9 . This suppression of recombination may be responsible for the slightly lower local recombination rate than the aver- Figure 6 The distribution of loci derived by duplication of ancestral loci on W3, the ancestral loci, and the rest of W3 loci with orthologs on rice chromosome 1 along wheat chromosome arms (A) and the distribution of loci derived by duplication of ancestral loci on W7, ancestral loci, and the rest of W7 loci with orthologs on rice chromosome 6 plus 8 along wheat chromosome arms (B). The horizontal axes, on which 0.0 represents the centromere and 1.0 represents the telomere, show grouping of bin midpoints in which loci reside on the centromere-telomere axis into five equal intervals.
age rate of 1.1 Mb/cM. An estimated local recombination rate of 0.64 Mb/cM in a 90-kb region in the distal interval of T. monococcum 5A m (Tranquilli et al. 1999 ) is close to the average rate of 1.1 Mb/cM. Thus, only the 1D estimate of local recombination rate differs greatly from the average rate in the distal interval. Only one estimate of recombination rate in an interval that was not near the end of a chromosome has been reported. The midpoint of a bin in which this interval resided was at 0.73 of the 5AL chromosome arm length (San Miguel et al. 2002) . A recombination rate of 2.7 Mb/cM was observed in a 215 kb interval (San Miguel et al. 2002) . Substituting 0.73 in the equation in Figure 1 yields a CE of 0.5, which is equal to 2.0 Mb/cM. This is close to the observed local rate of 2.7 Mb/cM. Although the estimates of local recombination rates approximate average rates along chromosome arms reported here, they also reveal that local recombination rates may in specific cases differ from the average rates reported here.
The vast majority of homologous recombination in plants occurs within genes and in their immediate vicinity (Schnable et al. 1998) . It was therefore expected that recombination would strongly correlate with gene density. However, this was not found. The relationship between recombination rate and relative bin position on the centromeretelomere axis was stronger (P < 0.001) than the relationship between relative gene density and relative bin position on the centromere-telomere axis. This suggested that the relative position of a chromosome region on the centromere-telomere axis was more important for recombination rate than the local gene density.
A comparative study of recombination in structurally modified chromosomes and chiasmate pairing of deletion chromosomes in wheat suggested that the levels of recombination along wheat chromosomes are principally determined by the physical distances of chromosome regions from the telomere and positive interference distance (Lukaszewski and Curtis 1993; Devos et al. 1995; Jones et al. 2002) . These are probably the principal factors affecting the steepness of recombination rate gradients along wheat chromosome arms. In some species, such as rice, the gradients are minor (Wu et al. 2002) . In species with the proximal localization of chiasmata (Darlington 1958 ) the gradients are probably oriented in the direction opposite to that found in wheat.
Gene Duplication
A total of 21% of the ESTs in the present study detected duplicated loci on different chromosomes within wheat genomes. Anderson et al. (1992) used the nullisomic-tetrasomic synteny mapping strategy and reported 19.5% of clones detecting duplicated loci on different wheat chromosomes. Linkage mapping of the T. monococcum genome revealed higher levels of locus duplication; 27.7% cDNA clones and 34.4% PstI genomic clones detected duplicated loci (Dubcovsky et al. 1996) . Estimates of locus duplication in barley (Hordeum vulgare L.) obtained by linkage mapping ranged from 20% (Graner et al. 1991) to 30% (Kleinhofs et al. 1993) . Of all of the duplicated loci detected by linkage mapping in T. monococcum, 79% were interchromosomal and 21% intrachromosomal. Assuming that the ratio is similar in T. aestivum, the total frequency of inter-and intrachromosomally duplicated loci is expected to be about 25% of the wheat gene motifs. This estimate still represents a minimum since longer autoradiography or more strongly labeled probes may reveal additional fragments from paralogous loci that were not detected in some of the original autoradiograms.
If these duplicated loci were generated by polyploidy, the frequencies of ESTs hybridizing with even numbers of duplicated loci would have to be elevated relative to those hybridizing with odd numbers of loci, since only even sporophytic ploidy levels exist in nature in sexually reproducing grasses. The frequencies of ESTs hybridizing with even numbers of duplicated loci were not elevated relative to those hybridizing with odd numbers of duplicated loci (Fig. 4) . The frequencies of ESTs hybridizing with 1, 2, …, 10 paralogous loci closely fit an exponential function (R 2 = 1.0; Fig. 4 ). The multiplicative nature of the function implies an approximately equal probability of duplication events. Furthermore, if loci derived by interchromosomal duplication of ancestral loci located on W3 and W7 originated by ancient polyploidy, they should be located on only one or few of the remaining chromosomes within wheat genomes and should largely be in blocks. The fact that loci derived by duplication appeared on either all or almost all chromosomes within a genome provided an additional argument that ancient polyploidy was not responsible for the origin of most of the paralogous sets of loci within wheat genomes. Although we do not know what exact mechanism was responsible for their origin, DNA transposition is the most likely possibility.
Organization and Evolution of the Wheat Genomes
The wheat genomes can be characterized by two contrasting relationships. The first contrasting relationship was in the locations of single-gene loci present once in the wheat genomes and in the locations of multigene loci. The proximal, lowrecombination regions of chromosome arms were enriched for the former, while the distal, high-recombination regions appeared to be enriched for the latter.
The second contrasting relationship was in the distribution of ancestral loci and duplicated loci derived from them within paralogous sets of loci. While the majority of the ancestral loci of the investigated paralogous sets were located proximally, the majority of loci derived from them by duplication were located distally.
These two contrasting relationships are probably interrelated. Loci derived by duplication should represent more than one-quarter of all gene loci present in the wheat genomes since 25% or more of all wheat gene motifs are represented by paralogous sets, often containing more than one duplicated locus. For the 40 paralogous sets investigated, 61% of the loci derived by duplication were physically located in the distal one-third of chromosome arms. Therefore, a large proportion of all loci in the distal one-third of wheat chromosome arms were probably derived by gene duplication. This accumulation of duplicated genes in the distal chromosome regions must have influenced the distribution of genes along chromosome arms during the evolution of wheat genomes by increasing the absolute gene density in the high-recombination regions but reducing the relative proportion of genes that were originally located in the high-recombination regions. Therefore, the density of single-gene loci present once in the wheat genomes, i.e., those that were not subjected to duplication, should be the highest in the low-recombination regions, which was found. Single-gene loci present once in the genome should represent the ancient component of the genome. In chromosome 3B, used as an example of wheat homoeologous group 3, 56% and 71% of genes in the most proximal 3B bins were shared with R1. In contrast, only 35% and 19% of genes in the most distal 3B bins were shared with R1. Although differentiation of homoeologous chromosomes along their lengths has been investigated in only one of the seven wheat homoeologous groups, the finding is consistent with the prediction that the proximal regions of wheat chromosome arms may retain the largest proportion of ancient genes.
Recombination Rates Drive the Rates of Evolution of the Wheat Genomes
Duplicated loci that are selectively neutral are analogous to other neutral DNA insertions responsible for RFLP in wheat and related diploid species. The levels of RFLP along chromosome arms are positively correlated with recombination rates along chromosome arms in wheat and its diploid relatives and other plants 1999; Kraft et al. 1998; Stephan and Langley 1998) . This relationship has been attributed to indirect positive selection, i.e., hitchhiking of neutral polymorphism with genes selected for by natural selection (Maynard Smith and Haigh 1974) or indirect negative selection, i.e., background selection against mildly deleterious genes (Charlesworth 1994). In both scenarios, there is a greater chance for neutral polymorphism and, by extension, polymorphism for loci derived by duplication, to be eliminated in low-recombination regions than in high-recombination regions. This differential chance of survival of polymorphism for duplicated loci in low-and high-recombination regions may account for the accumulation of loci derived by duplication in high-recombination regions of chromosome arms.
The same pattern would also emerge if the mechanism(s) responsible for transposition of genes were to target preferentially chromosome regions with high levels of homologous recombination. We are not aware of such a mechanism. Mobile genetic elements are known to target preferentially gene neighborhoods (Cresse et al. 1995) . In that case, however, the distribution of loci derived by duplication would have to be similar to that of other genes, which it is not.
Present findings suggest that the higher incidence of genes derived by duplication in the distal chromosome regions, diluting the relative proportion of ancestral loci and single-gene loci present only once in the wheat genomes proximally, is causally related to high recombination rates in distal chromosome regions in the wheat genomes. Assuming that this causality is true, the distribution of these various classes of genes along the chromosome arms would depend on the steepness of recombination rate gradients along chromosome arms and would likely be in a dynamic state reflecting changes in recombination rate gradients along chromosome arms during genome evolution.
Gene duplication is the principal path of new gene evolution (Ohno 1970; Ohta 1990; Hughes 1994; Walsh 1995; Force et al. 1999; Lynch and Force 2000) . Many duplicated genes are inactive pseudogenes (Hollis et al. 1982; Rogers 1985) . Dispersed duplicated genes that retain activity have a greater chance to evolve new function than tandem duplicated genes because they have a reduced chance for gene conversion and are not subjected to homogenization by unequal crossover, as are duplicated genes within a locus. Additionally, retroposition and other mechanisms of transposition of genes and gene fragments may occasionally generate novel, chimeric genes (Long and Langley 1993; Gilbert et al. 1997 ). The accumulation of dispersed copies of genes and gene fragments in the high-recombination regions may therefore increase the probability of the evolution of novel genes in those regions and faster differentiation of genomes in the highrecombination regions than in the low-recombination regions of chromosomes.
Correlations described earlier suggest that homoeologous chromosome differentiate (lose synteny) from each other faster in high-recombination regions than in lowrecombination regions. Differentiation between homoeologous chromosomes 3B and R1 is consistent with this prediction: synteny of wheat chromosome 3B with its rice homoeolog declined from the proximal, low-recombination region to the distal high-recombination region in both arms. Unfortunately, the current state of rice genome sequencing and extensive structural differentiation between most of the wheat and rice homoeologous chromosomes allowed testing this prediction only in a single of the seven wheat homoeologous groups. In another analysis of the wheat EST database, differentiation along chromosome arms in relation to the recombination rate gradient was investigated between wheat homoeologous chromosomes of the A, B, and D genomes (E.D. Akhunov and J. Dvorak, unpubl.) . The patterns were identical to that described here between chromosome 3B and R1; wheat homoeologous chromosomes were more differentiated from each other in distal, high-recombination regions than in proximal, low-recombination regions.
In Caenorhabditis elegans chromosomes I and V, genes with lethal mutant phenotype tend to be located predominantly in the low-recombination regions (Johnsen et al. 2000) . Assuming that essential genes represent the conservative component of the genome, these findings would be consistent with the prediction that low-recombination regions tend to conserve ancient genes more than the highrecombination regions in genomes with steep recombination gradients along chromosomes.
Selecting wheat for the investigation of questions posed in the introductory paragraphs was a fortunate choice. Wheat has steep gradients of recombination rates along chromosome arms and its large genomes have been subjected to extensive gene duplication and dispersion of duplicated genes. We were consequently able to observe an evolutionary process that has not been observed in studies of model organisms. Experimental evidence was obtained for the first time indicating that there may be a causal relationship between heterogeneity in recombination rates along chromosome arms and the underlying order in the position of genes in the chromosomes. The gradient of recombination rates on the centromere-telomere axis appears to be the causal factor in these relationships. Furthermore, evidence was obtained indicating that the rates with which genomes differentiate may not be constant along chromosome arms. Variation in recombination rates along chromosomes is again seen as the causal factor.
METHODS ESTs
From 1000 to 11,000 clones were randomly selected from each of 41 cDNA libraries comprising most organs and developmental phases of the wheat plant. 
Database
By September, 2002, a total of 3977 ESTs selected from different EST contigs had been hybridized with DNAs of deletion lines and other mapping stocks. Mapping data and images of autoradiograms were deposited in a database (http:// wheat.pw.usda.gov/cgi-bin/westsql/map_locus.cgi). The numbers of ESTs in the database were steadily increasing during the studies reported here, and, therefore, the various analyses reported here had to utilize different numbers of ESTs. For analyses, the database was queried to obtain the number of restriction fragments with which an EST probe hybridized and chromosome and bin location for each mapped fragment. Links from each EST in the database to GenBank were used to obtain nucleotide sequences when needed.
Deletion Mapping
A total of 101 T. aestivum "Chinese Spring" deletion stocks, comprising 159 deletions, and 24 ditelosomic stocks and 21 nullisomic-tetrasomic stocks were used in EST mapping. The breakpoint of each deletion was expressed as a fraction of the chromosome arm length. Overlapping deletions delimited a physical region on a chromosome arm called a bin. The most proximal bin in each arm was delimited by the most proximal breakpoint and by the centromeric breakpoint in the relevant Chinese Spring ditelosome. A total of 159 bins were delimited by the breakpoints in the 21 wheat chromosomes. DNA was isolated from plants of the deletion stocks, nulli-tetrasomic stocks, and ditelosomic stocks, digested with EcoR I and fractionated in 1% agarose gels. DNA was depurinated with 0.25 M HCl for 25 min, and rinsed twice in distilled water followed by neutralization in 0.4 M NaOH for 20 min. Denatured DNA was transferred to Hybond N+ nylon membranes (Amersham) by capillary transfer in 0.4 M NaOH overnight. The membranes were then rinsed for 5 min in ‫ן2‬ SSC and immediately prehybridized in either ‫ן6‬ SSPE ‫ן1(‬ SSPE is 0.15 M NaCl, 0.01 M NaH 2 PO 4 , and 0.001EDTA), ‫ן5‬ Denhart's solution, 0.5% sodium dodecyl sulfate (SDS), 50 µg/mL sheared, singlestranded salmon sperm DNA for at least 6 h, or ‫ן5.2‬ SSPE, 1% SDS, 0.01% sodium pyrophosphate, and 0.1% polyanetholsulphonic acid for at least 30 min. cDNA inserts were polymerase chain reaction (PCR)-amplified using M13 Reverse and Universal primers. The products were sequenced and compared with the nucleotide sequence of each EST in the GenBank database to verify the authenticity of the PCR products. The products were labeled with 32 P using the random primer method. Hybridization was performed at 65°C overnight in either ‫ן6‬ SSPE, ‫ן5‬ Denhart's solution, 0.5% SDS or 7% SDS, 0.29M Na 2 HPO 4 , 0.22M NaH 2 PO 4 , and 5mM EDTA. The membranes were washed in ‫ן2‬ SSC or SSPE and 0.5% SDS for 30 min at 65°C, ‫ן1‬ SSPE or SSC and 0.5% SDS for 30 min at 65°C, and ‫ן5.0‬ SSPE or SSC and 0.5% SDS for 10 to 30 min. at 65°C. The profiles of ESTs mapped into a bin were systematically compared with each other and duplicates were eliminated.
Recombination Rate
Recombination rates were expressed as CEs (Lindsley and Sandler 1977) . To compute CE for each bin, the genetic distances in cM between loci and their locations in a bin were determined from published wheat linkage and deletion maps (Devos et al. 1992; Gill et al. 1993; 1996a,b; Hohmann et al. 1994; Delaney et al. 1995a,b; Mickelson-Young et al. 1995; Nelson et al. 1995a,b; Van Deynze et al. 1995; Dubcovsky et al. 1996; Jia et al. 1996; Marino et al. 1996) . The physical distance in terms of the fraction of chromosome arm length between the centers of bins flanking a specific bin (http://wheat.pw.usda.gov/west/binmaps) was converted to megabase pairs as described earlier . For the most proximal bins, the physical distance was from the centromere to the center of the flanking bin. For the most distal bin, the physical distance was from the telomere to the center of the flanking bin. The estimate of genetic distance in cM was divided by the estimate of the length in Mb. The resulting fraction, cM/Mb, is defined as the CE within a bin.
Identification of Wheat/Rice Orthologous Genes
The locations of the ancestral loci and those derived by duplication were determined for 40 paralogous sets. For all sets, the ancestral locus was on wheat homoeologous group 3 (W3) or homoeologous group 7 (W7). For W7, the distal portion of the short arm of chromosome 7B was not considered since that region was involved in a translocation with chromosome 4A, and does not represent the chromosome structure of wheat diploid ancestors. The following strategy was used to identify paralogous sets of loci with ancestral loci on W3 or W7. The hybridization patterns of ESTs mapped on W3 and W7 were examined. ESTs producing from one to three fragments for each of the orthologous bins of W3 or W7 were selected. The list of ordered BAC/PAC clones representing the full genomic sequence of rice chromosomes 1, 6, and 8 was downloaded from TIGR (http://www.tigr.org). The nucleotide sequences of those clones were retrieved from the GenBank database (http://www.ncbi.nlm.nih.gov) and used for the BLASTN (Altschul et al. 1990 ) search against wheat EST nucleotide sequences. The nucleotide sequences of the ESTs were used for BLASTN search with a threshold probability of e ‫01מ‬ against the genomic sequence of rice homoeologs. The presence of a homologous sequence on the rice homoeolog suggested the existence of putative orthologous genes on homoeologs.
as variables in the correlation analysis, six rather than five intervals were used to make the correlation analysis statistically valid. The CEs in each of the six intervals were averaged and Pearson correlation coefficients were computed for the mean CE and the number of duplicated loci in the interval.
Differentiation of R1 From Wheat Chromosome 3B
From a population of 3977 ESTs present in the database by August, 2002, 365 ESTs detected loci on chromosome 3B. Nucleotide sequences of these 365 ESTs were used for a BLASTN search against the genomic sequence of rice chromosome 1 using NCBI BLASTN 2.0. Sequences having e-values lower than e ‫01מ‬ and alignment length greater than 100 bp were considered homologous. The differentiation of R1 from 3B in the ith 3B bin (d i ) was computed as follows:
where n i is the number of EST clones that hybridized with loci in the ith 3B bin and had a homologs on R1 and N i is the total number of EST clones that hybridized with loci in the ith 3B bin.
Curve Fitting
The following types of functions were used to fit curves to data: linear, logarithmic, polynomial, exponential, and power. The fit showing the largest R 2 was chosen as the best fit for each set of data.
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